Abstract. The treatment of septicemia caused by antibiotic-resistant bacteria is a great challenge in the clinic. Because traditional antibiotics inevitably induce bacterial resistance, which is responsible for many treatment failures, there is an urgent need to develop novel antibiotic drugs. Amino-terminated Poly (amidoamine) dendrimers (PAMAM-NH 2 ) are reported to have antibacterial activities. However, previous studies focused on high generations of PAMAM-NH 2 , which have been found to exhibit high toxicities. The present study aimed to clarify whether low generations of PAMAM-NH 2 could be used as novel antibacterial agents. We found that generation 2 (G2.0) PAMAM-NH 2 showed significant antibacterial effects against antibiotic-sensitive and antibiotic-resistant strains but exhibited little toxicity to human gastric epithelial cells and did not induce antibiotic resistance in bacteria. Scanning and transmission electron microscopy analyses suggested that G2.0 PAMAM-NH 2 might inhibit the growth of bacteria by destroying their cell membranes. The administration of G2.0 PAMAM-NH 2 dosedependently improved the animal survival rate of mice infected with extended-spectrum beta lactamase-producing Escherichia coli (ESBL-EC) and of animals infected with a combination of ESBL-EC and methicillin-resistant Staphylococcus aureus. A treatment regimen of 10 mg/kg of G2.0 PAMAM-NH 2 starting 12 h before inoculation followed by 10 mg/kg at 0.5 h after inoculation rescued 100% of singly infected mice and 60% of multiply infected mice. The protective effects were associated with the reduction of the bacterial titers in the blood and with the morphological amelioration of infected tissues. These findings demonstrate that the G2.0 PAMAM-NH 2 is a potential broad-spectrum and nonresistance-inducing antibiotic agent with relatively low toxicity.
INTRODUCTION
Septicemia caused by bacterial infection is one of the most important causes of mortality in hospitals. The failure of treatments for septicemia is primarily due to the emergence of antibiotic-resistant strains, which is a worldwide healthcare concern (1). Among these resistant strains, methicillinresistant Staphylococcus aureus (MRSA) and extended spectrum β-lactamase-producing Escherichia coli (ESBL-EC) account for most nosocomial infections (2, 3) . One of the most intractable problems with traditional antibiotics is that they inevitably induce bacterial resistance. In addition, most new antibiotics are chemical modifications of the few classes of known antibiotics originally discovered half a century ago, and few major classes of antibiotics were introduced between 1962 and 2007 (4) . It takes approximately 10 years to develop a new antibiotic, whereas bacterial resistance can arise in 1 to 2 years or even just several months. Therefore, the discovery and development of novel antibacterial agents, especially those with structures and mechanisms of action that differ from those of traditional antibiotics and a low potential to induce antibiotic resistance, are needed more than ever.
Cationic dendrimers have emerged as promising novel antibiotic agents in recent years (5, 6) . Dendrimers are a new class of hyperbranched and nanoscale macromolecules that possess an array of distinctive features including a welldefined globular architecture, narrow polydispersity and tunable surface functionalities. A typical dendrimer consists of a core molecule, monomeric branches called dendrons and surface functional groups that are able to react with other compounds (7) (8) (9) (10) . Poly(amidoamine) (PAMAM)
Electronic supplementary material The online version of this article (doi:10.1208/s12248-012-9416-8) contains supplementary material, which is available to authorized users. dendrimers are the most widely studied dendrimers. Among the PAMAM dendrimers harboring a variety of functional groups, amino-terminated PAMAM dendrimers (PAMAM-NH 2 ) show the strongest antibacterial activity. However, the previous studies primarily investigated the antibacterial activity of generation 3 or higher PAMAM-NH 2 dendrimers on limited bacterial strains in vitro (11, 12) . However, the higher-generation PAMAM-NH 2 dendrimers often show stronger cytotoxicity, which hinders further exploration of these compounds as antibacterial agents in vivo (13) (14) (15) . Chemical modifications of PAMAM-NH 2 dendrimers were demonstrated to reduce their toxicities, but these modifications simultaneously reduced the antibacterial activities of the PAMAM-NH 2 dendrimers (11, 16) . To date, antibacterial research on PAMAM-NH 2 dendrimers has been limited to topical (17) (18) (19) and drug carrier applications (20) (21) (22) . Insufficient data are available to determine whether PAMAM-NH 2 dendrimers could be used systemically as antibacterial agents.
To determine the in vivo therapeutic potential of PAMAM-NH 2 Here, we demonstrated that a low-generation PAMAM-NH 2 dendrimer (G2.0 PAMAM-NH 2 ) has broad-spectrum antimicrobial activities, excellent therapeutic efficacy for rescuing mice with septicemia induced by ESBL-EC alone or ESBL-EC and MRSA together, and a relatively low cytotoxicity. In addition, this dendrimer does not induce bacterial resistance. Our current results reveal new features of the antibiotic effects of G2.0 PAMAM-NH 2 , which may be a novel antimicrobial agent that does not induce drug resistance.
MATERIALS AND METHODS

Materials
Amino-terminated generation 1 PAMAM (G1.0 PAMAM-NH 2 , 9.98% (w/w) in H 2 O), generation 2 PAMAM (G2.0 PAMAM-NH 2 , 10.04% (w/w) in H 2 O), generation 3 PAMAM (G3.0 PAMAM-NH 2 , 10.01% (w/w) in H 2 O), and generation 4 PAMAM (G4.0 PAMAM-NH 2 , 9.76% (w/w) in H 2 O) were purchased from Dendritech (Midland, MI). All antibiotics used were purchased from the National Institute for the Control of Pharmaceutical and Biological Products (Beijing, China). All other chemicals and solvents were of analytical grade.
Bacterial Strains
E. coli MG1655 was obtained from Prof. Liping Zhao (Shanghai Jiaotong University). Clinical isolates of MRSA (XJ75302), ESBL-Klebsiella pneumoniae (ESBL-KP, XJ75297) and multidrug-resistant E. coli (MDR-EC, XJ74283) were obtained from the Clinical Laboratory of Xijing Hospital (Xi'an, China). Multidrug-resistant Salmonella typhimurium (MDR-S. typhimurium), multidrug-resistant Shigella flexneri (MDR-S. flexneri), and multidrug-resistant Acinetobacter baumannii (MDR-A. baumannii were obtained from Dr. Jun Li (Tangdu Affiliated Hospital, Fourth Military Medical University, Xi'an, China). E. coli (ATCC 25922), MRSA (WHO-2), vancomycin intermediate-resistant S. aureus (VIR-S. aureus Mu50), S. aureus (ATCC 29213), Pseudomonas aeruginosa (ATCC 27853), Salmonella enterica (ATCC 9150), K. pneumoniae subsp. pneumoniae (ATCC13883), Staphylococcus epidermidis (ATCC 14990), ESBL-EC (ATCC 35218), and entero-hemorrhagic E. coli O157:H7 were used as references and were obtained from the Chinese National Center for Surveillance of Antimicrobial Resistance.
Bacterial Susceptibility Testing and Growth Assay
The minimum inhibitory concentration (MIC) values were determined by a microdilution assay in sterile 96-well polypropylene microtiter plates according to the broth microdilution guidelines of the Clinical and Laboratory Standards Institute (23) . The minimum bactericidal concentration (MBC) values were determined by plating 10 μL samples from the wells with no visible turbidity onto Mueller-Hinton agar plates. The lowest concentration without visible growth on the agar subculture was taken as the MBC value. All experiments were performed independently three times, using duplicate samples each time.
The growth curves were determined as follows: PAMAM-NH 2 and ampicillin were added to cell cultures containing E. coli MG1655 or VIR-S. aureus Mu50 to a final concentration of 12, 60, or 65 μM. An equal volume of diluent was used as a control. Each culture was monitored based on the optical absorbance at 620 nm at 1-to 2-h intervals.
To construct kill curves for ESBL-EC and MRSA (XJ75302), PAMAM-NH 2 and ampicillin were added to ESBL-EC cultures or MRSA (XJ75302) cultures to a final concentration of 12, 60, or 65 μM. An equal volume of diluent was used as a control. Aliquots of each culture were collected at 0.5, 1, 2, 4, and 6 h and were diluted and inoculated onto solid agar. The number of colony-forming units (CFU) was calculated from the number of colonies growing on the plates. The statistical data for each experiment were obtained from at least two independent assays performed in duplicate.
Therapeutic Effects of G2.0 PAMAM-NH 2 in Infected Animals
Male BALB/c mice, 8-10 weeks of age and weighing 18-22 g, were used in this study. The first animal model of infection was prepared by the intraperitoneal administration of 7. Then, the infected mice were randomly treated with a control solution (0.2% bovine serum albumin containing 0.01% acetic acid), 20 mg/kg ampicillin, 10 mg/kg G2.0 PAMAM-NH 2 , 20 mg/kg G2.0 PAMAM-NH 2 , or 10 + 10 mg/kg G2.0 PAMAM-NH 2 (10 mg/kg was administered 12 h before the bacterial challenge and another 10 mg/kg was administered 0.5 h after bacterial challenge). To assess bacterial clearance, blood samples from six mice in each group were obtained from the tail vein by aseptic percutaneous puncture 12 h after bacterial challenge. The blood samples were serially diluted, and a 100-μL volume of each dilution was spread on Mueller-Hinton agar plates. The plates were incubated at 37°C for 24 h, and the CFU were enumerated by visual inspection. Parts of the lungs and livers were harvested and fixed in 10% neutral buffered formalin for 48 h, and then their morphologies were observed using hematoxylin and eosin staining. The PAMAMs used in the animal experiments were dissolved in 0.2% bovine serum albumin containing 0.01% acetic acid. The survival of the 12 mice in each group was monitored every 1 h for 7 days after infection, and the cumulative percent survival was determined.
Toxicity Assays
(a) MTT assay The cytotoxicity of G1.0, G2.0, G3.0, and G4.0 PAMAM-NH 2 to the human gastric epithelial cell line GES-1 was determined by a standard MTT assay (24, 25) . Briefly, cells were maintained in DMEM media with 10% fetal bovine serum (FBS) and 30 μg/mL gentamicin. Cells (5.0×10 3 /well) were grown for 24 h at 37 C to confluence in 96-well plates. The media with FBS was removed, and the cells were washed with 1× phosphate-buffered saline (PBS) and serum-starved for 4 h by incubation in DMEM media alone at 37°C. The medium in the plate was replaced with 100 μL of a prepared PAMAM dendrimer solution. Then, the plate was incubated at 37°C for 48 h. The absorbance was read at 490 nm. (b) Median lethal dose (LD 50 )
Male and female BALB/c mice, 8-10 weeks of age and weighing approximately 20 g, were used in this study. Animals were maintained in a humidity-and temperature-controlled facility with a 12-h light/dark cycle. The LD 50 was determined by the Spearman-Karber method (13, 26, 27) . Briefly, the animals were intraperitoneally injected with G2.0 PAMAM-NH 2 dissolved in 0.01 M PBS, pH 7.4, at doses of 30, 47, 73.5, 115, and 180 mg/kg. Control animals received the vehicle alone. The animals were observed for a period of 4 h after injection for behavioral abnormalities such as changes in horizontal or vertical motion, level of activity, and eating and drinking behavior. The percent survival of each concentration group was observed for 7 days and recorded to calculate the LD 50 .
Induction of Resistance
After the MIC values were determined for S. aureus (ATCC 29213) and ESBL-EC (ATCC 35218) as described above, the MIC values were determined anew daily as follows (28, 29) . For each compound tested, a bacterial suspension was obtained from the well corresponding to one half of the MIC determined in the previous MIC assay, and the concentration of this suspension was adjusted to the 0.5 McFarland Standard in MuellerHinton broth. Then, the suspension was diluted 1:100 to the concentration of 5.0×10
5 cells/mL in Mueller-Hinton broth. The MIC was determined again as described for the initial MIC assay. The relative MIC value was determined by calculating the ratio of the MIC obtained for the 15th subculture to the MIC obtained for the first culture.
Scanning and Transmission Electron Microscopy Detection
Bacteria (1.0×10 8 CFU/mL) were cultured with G2.0 PAMAM-NH 2 (12 μM) at 120 rpm for 60, 120, and 300 min; harvested; and washed. The specimens were observed with a scanning electron microscope (Hitachi S-3400N) or a transmission electron microscope (JEM-2000EX; JOEL), and images were recorded.
Statistical Analysis
Results are expressed as the mean values (±SD). Student's t test, one-way ANOVA, and Kaplan-Meier survival analysis were used to evaluate statistical significance as appropriate. A probability value of p<0.05 was considered indicative of statistical significance.
RESULTS
Broad-Spectrum Antibacterial Activities of G1.0, G2.0, G3.0, and G4.0-PAMAM-NH 2 Seventeen bacterial strains were used to systematically test the antibacterial activities and spectrum of G1.0-4.0 PAMAM-NH 2 dendrimers in vitro. As shown in Table I , G2.0-4.0 PAMAM-NH 2 exhibited potent antibacterial effects against almost all Gram-positive and Gram-negative bacterial strains tested (15 of 17 strains, all except ESBL-KP and MDR-S. typhimurium), with most MIC values ranging from 0.78 to 25 μg/mL. In the control assays, the MIC values of oxacillin, ceftazidime, and levofloxacin for susceptible strains were lower (0.12-8 μg/mL), but the MIC values for these antibiotics resistant strains were much higher. The antibacterial activity of G1.0 PAMAM-NH 2 was much lower than the activities of the other three generations of PAMAM-NH 2 . Interestingly, G2.0 PAMAM-NH 2 showed the greatest antibacterial activity against almost all bacterial strains (Table I) . This dendrimer had 2-fold higher MBC/MIC values against S. epidermidis (ATCC 14990), ESBL-EC (ATCC 35218), and MDR-S. flexneri and 4-fold higher values against E. coli (ATCC 25922), S. aureus (ATCC 29213), MRSA (XJ75302), K. pneumoniae (ATCC13883), and S. enteric (ATCC 9150).
Additional experiments were performed to determine the growth rate of E. coli MG1655 in liquid medium containing G1.0-4.0 PAMAM-NH 2 dendrimers (Fig. 1 in the Electronic Supplementary Material (ESM)). The results showed that the growth of E. coli MG1655 was apparently inhibited by G1.0-4.0 PAMAM-NH 2 dendrimers in a concentration-dependent manner. The representative results shown in Fig. 1a , b revealed that 60 μM G1.0 PAMAM-NH 2 had the least inhibitory efficacy on the growth of E. coli MG1655 and VIR-S. aureus Mu50, and 12 μM G2.0 PAMAM-NH 2 exhibited the greatest inhibitory effect among all generations of PAMAM-NH 2 .
The bactericidal effects of the G1.0-4.0 PAMAM-NH 2 dendrimers were evaluated using cell viability assays. G2.0-4.0 PAMAM-NH 2 dendrimers, but not G1.0 PAMAM-NH 2 , exerted time-dependent bactericidal effects on the tested pathogens. The CFU values of ESBL-EC and MRSA decreased appreciably from a starting value of 10 6 CFU/mL, and less than 50 CFU/mL was detected 6 h after treatment with G2.0-4.0 PAMAM-NH 2 dendrimers at 12 μM. The results of the cell viability assays using G1.0-4.0 PAMAM-NH 2 dendrimers were in accordance with the results of the cell growth assays described above. Compared with the control group, ampicillin and G1.0 PAMAM-NH 2 had no bactericidal effects against ESBL-EC or MRSA at the tested concentrations (Fig. 1c, d ). These results demonstrate that G2.0-4.0 PAMAM-NH 2 dendrimers exerted broad-spectrum antibacterial activity in a bactericidal manner.
In Vitro Toxicity of PAMAM-NH 2
To further explore the selectivity of PAMAM-NH 2 dendrimers, we investigated their cytotoxicities to the human gastric epithelial cell line GES-1 in vitro. The cell viability determined using the MTT assay vs. the concentration of the dendrimers is plotted in Fig. 2 . The results indicate that the cytotoxicity of PAMAM-NH 2 was related to the generation of the dendrimers, the cell type tested and the concentration of the PAMAM-NH 2 . The cytotoxicities increased significantly with increasing PAMAM-NH 2 generation and concentration (Fig. 2) . Among all of the PAMAM-NH 2 dendrimers tested, G1.0 and G2.0 PAMAM-NH 2 showed the least toxicity to GES-1 cells, exhibiting only slight toxicity to GES-1 cells even at the highest concentration of 1,024 μg/mL (Fig. 2) . In contrast, a significant decrease in the GES-1 cell viability was observed upon treatment with G3.0 PAMAM-NH 2 at concentrations higher than 102.4 μg/mL and upon treatment with G4.0 at concentrations higher than 0.51 μg/mL (Fig. 2) . These results imply that G1.0 and G2.0 PAMAM-NH 2 have minimal toxicity to cells at concentrations lower than 102.4 μg/mL. Given that G2.0 PAMAM-NH 2 has antibacterial activity at concentrations from 0.78 to 25 μg/mL, the G2.0 PAMAM-NH 2 dendrimer has a relatively wide range of safe usage for potential therapeutic applications.
In Vivo Antibacterial Activity
After we found that G2.0 PAMAM-NH 2 exhibited stronger antibacterial activity and lower cytotoxicity than higher generation PAMAM-NH 2 dendrimers in vitro, we next investigated whether G2.0 PAMAM-NH 2 could improve the survival of infected animals in vivo. The challenge experiments were performed using ESBL-EC alone or ESBL-EC and MRSA together. All of the mice infected with ESBL-EC in the control group or in the 20 mg/kg ampicillin-treated group died within 24 h. Intraperitoneal administration of 10 and 20 mg/kg G2.0 PAMAM-NH 2 dose-dependently improved the animal survival rate to 25.0% and 41.7%, respectively, compared with the 0% survival rate in the control group and ampicillin-treated group (Fig. 3) . In addition, G2.0 PAMAM-NH 2 treatment with the regimen of 10+10 mg/kg rescued 100% infected mice (Fig. 3 ). This increased rescue was associated with a reduction in the bacterial titer in the blood of mice inoculated with ESBL-EC. The bacterial titer in the blood was 3.0×10 7 CFU/mL in the control group and was reduced to 7. 6 CFU/mL and treated with PAMAM dendrimers at 12 or 60 μM. Aliquots of each culture were collected at 0.5, 1, 2, 4, and 6 h and were diluted and inoculated onto solid agar. The number of CFU was calculated from the number of colonies growing on the plates Fig. 2 . Percent survival of GES-1 cells after incubation with various concentrations of G1.0-4.0 PAMAM-NH 2 dendrimers for 48 h. Untreated GES-1 cells were used as the control. Each plot was obtained from a representative experiment, and the data points are the means of four replicates±standard deviation. The values were compared with the value for the untreated control at *p<0.05 using Tukey's test after treatment with 10, 20, and 10 + 10 mg/kg G2.0 PAMAM-NH 2 , respectively. In contrast, no reduction in the bacterial titer was found in the group that received 20 mg/kg ampicillin (Fig. 3b) . To further investigate the protective effect of G2.0 PAMAM-NH 2 against sepsis in mice, we performed an in vivo assay in a multiple infection animal model, in which the mice were infected with both ESBL-EC and MRSA. All multiply infected mice that did not receive treatment died within 24 h, whereas 10% of the ampicillin-treated mice survived. Treatment with 10, 20, and the regimen of 10+10 mg/kg G2.0 PAMAM-NH 2 significantly improved the survival rate of infected animals to 30%, 40%, and 60%, respectively (Fig. 3c, d) .
Pathological observations and the analysis of the mouse tissues indicated that the morphological structure of the lung tissue samples from the control ESBL-ECinfected mice was very similar to that of the samples from the ampicillin-treated group (Fig. 4b, c) . In these two groups, the infiltration and accumulation of neutrophils and the disappearance of the alveolar structure were observed (Fig. 4a) . Alveolar fusion, alveolar septum thickening, and neutrophil infiltration were significantly reduced in the groups treated with 10, 20, and 10+10 mg/kg of G2.0 PAMAM-NH 2 ( Fig. 4d-f ). Hematoxylin and eosin staining of BALB/c mouse liver tissue showed similar results (Fig. 2 in the ESM).
In Vivo Toxicity of PAMAM-NH 2
The in vivo toxicity was analyzed by determining the LD 50 of G2.0 PAMAM-NH 2 in BALB/c mice to evaluate its safety. All of the mice that received 180 mg/kg displayed symptoms of toxicity including twitching, stiffness and urinary and fecal incontinence 30 min after administration and died within 3 h after administration (Table I in the ESM). No symptoms of toxicity were observed in the 30 and 47 mg/kg groups during the first 2-h period following administration, and one mouse in the 47 mg/kg group died approximately 72 h after treatment. In the 115 mg/kg group, one, two, and seven mice died by 5 CFU ESBL-EC and 6. 6×10 8 CFU MRSA and treated with different concentrations of PAMAM-NH 2 dendrimer. d Survival rates of BALB/c mice on the 7th day after infection and treatment. *p<0.05; **p<0.01 vs. the infected group; #p<0.05; ##p<0.01 vs. the ampicillin-treated group 3, 60, and 120 h, respectively, after administration. The LD 50 with a 95% confidence limit of G2.0 PAMAM-NH 2 was 80±20 mg/kg.
Induction of Resistance
After 15 successive subcultures, the relative MIC values of G2.0 PAMAM-NH 2 for S. aureus (ATCC 29213) and ESBL-EC (ATCC 35218) were unchanged (Fig. 5a, b) , indicating a lack of induction of antibiotic resistance. In contrast, the MIC values of classical antibiotics, including ceftazidime, ampicillin, levofloxacin, oxacillin, and erythromycin, increased by 8-to 64-fold after 15 successive subcultures, reflecting the emergence of resistant strains (Fig. 5a, b) .
Scanning Electron Microscopy and Transmission Electron Microscopy
Scanning electron microscopy (SEM) images revealed a marked change in bacterial morphology after treatment with G2.0 PAMAM-NH 2 . The bacteria shrank and became shorter, and cracks or holes formed on their surfaces (Fig. 6b-d) . The untreated E. coli MG1655 bacteria had a distinct rod shape with intact cell walls and a relatively uniform length (Fig. 6a) . The longer the incubation time with G2.0 PAMAM-NH 2 , the greater the damage to the bacterial cells observed (Fig. 6b-d) . Morphological damage to the VIR-S. aureus Mu50 strain was also observed after G2.0 PAMAM-NH 2 treatment (Fig. 6e, f) .
Transmission electron microscopy (TEM) images demonstrated that E. coli MG1655 cells treated with G2.0 PAMAM-NH 2 for 2 h were seriously damaged (Fig. 7b-d ). Pyknosis and necrosis were observed in some of the damaged cells (Fig. 7b, arrow) . The cytoplasm of some cells had shrunk dramatically, with noticeable bleb-like gaps between the cell membrane and the cytoplasm (Fig. 7c, arrow) . The membrane integrity of the cells was seriously damaged, leading to the leakage of intracellular contents (Fig. 7d, arrow) . The dramatic morphological changes in the bacteria, including the significant disruption of the cell wall and the erosion of the cell membrane, are consistent with the antibacterial activity observed in the previous assays, implying that PAMAM-NH 2 dendrimers may kill bacteria by disrupting the cell wall or the permeability of the cell membrane.
DISCUSSION
The antibacterial mechanism of PAMAM-NH 2 has been an open question for a long time. It has been reported that the antibacterial activity is related to the generation of the PAMAM-NH 2 (11, 12) . Our current results showed that G2.0-4.0 PAMAM-NH 2 had greater antibacterial activity than G1.0 PAMAM-NH 2 , whereas G2.0 PAMAM-NH 2 exhibited comparable or higher antibiotic activities than G3.0 and G4.0 PAMAM-NH 2 . Although it has been reported that PAMAM-NH 2 have better antibiotic activity against Gram-negative than against Gram-positive bacteria, our systematic in vitro observations did not reveal greater antibacterial activity against Gram-negative strains for G2.0-4.0 PAMAM-NH 2 . The toxicity of PAMAM-NH 2 consistently increases with the generation of the molecule, as demonstrated by both the present study (Fig. 2) and previous reports (30) . The broad-spectrum antibacterial activity and toxicity to eukaryotic cells imply that PAMAM-NH 2 may disrupt cells irrespective of their species, and it has been suggested that PAMAM-NH 2 may damage cells through nonspecific physical mechanisms rather than by targeting specific molecules (19) . The G2.0 PAMAM-NH 2 dendrimer is a polycation that may replace the divalent ions binding to the polyanions present in the cell membrane. This binding could lead to insoluble polyanion-polycation complexes and the efflux of calcium ions, both of which would contribute to major structural changes in the cell membrane, resulting in bacterial cell death (31) . Our SEM and TEM results also support the hypothesis that PAMAM-NH 2 damages bacteria by disrupting the cell membrane. Therefore, unlike traditional antibiotics, which have specific molecular targets, PAMAM-NH 2 may exert antibacterial activity by directly disrupting the bacterial cell wall and membrane permeability. The antibacterial mechanism of PAMAM-NH 2 dendrimers may also contribute to the most unique feature of G2.0 PAMAM-NH 2 -its apparent lack of induction of resistance (Fig. 5) .
In this study, we found that G2.0 PAMAM-NH 2 displayed significant protective effects against septicemia in mice induced by inoculation with ESBL-EC alone or ESBL-EC and MRSA together in a dose-dependent manner. The 10+10 mg/kg regimen showed the strongest therapeutic effect and rescued 100% of singly infected mice and 60% of multiply infected mice. It is not clear why the 10+10 mg/kg regimen had the best protective effects in infected animals. In our control experiment, treatment with 10 mg/kg G2.0 PAMAM-NH 2 12 h before inoculation without further treatment after inoculation also exhibited a limited protective effect (e.g., 30% survival vs. 10% survival in the untreated control group, data not shown). It is interesting to note that PAMAM-NH 2 dendrimer show the highest accumulation in liver and kidney tissue more than 48 h after administration (13, 32) . The biodistribution and long-term accumulation of PAMAM-NH 2 in these tissues might explain the protective effects of G2.0 PAMAM-NH 2 in infected animals. However, the exact mechanisms remain to be determined. The combination of the prophylactic and therapeutic effects of G2.0 PAMAM-NH 2 may contribute to the high potency of the 10+10 mg/kg regimen.
The acute toxicity assay revealed that the LD 50 of G2.0 PAMAM-NH 2 for BALB/c mice was 80 mg/kg. It seems that G2.0 PAMAM-NH 2 falls in the range of significant antibacterial activity but tolerable toxicity (Fig. 8a) . However, G3.0 and G4.0 PAMAM-NH 2 exhibited similar antibacterial activities against most of the strains but greater toxicity, making them unsuitable for use as antibacterial agents because the therapeutic dosages of these highgeneration PAMAM-NH 2 dendrimers may cause severe toxicity.
The unique structure of PAMAM-NH 2 dendrimers and the association between the generation and the antibacterial activity imply that their antibacterial effects are closely related to the density of the terminal groups. For example, G2.0 and higher generation PAMAM-NH 2 dendrimer, but not G1.0 PAMAM-NH 2 , exhibited significant antibacterial activity, suggesting there is a threshold amount of terminated groups required for such activity. PAMAM-NH 2 dendrimers with a density of terminal groups exceeding the threshold level may exhibit antibacterial activity. Similarly, the toxicity of PAMAM-NH 2 in mammalian cells showed a similar pattern. At higher concentrations (>102.4 μg/mL), G3.0 and higher generations of PAMAM-NH 2 showed significant toxicity to mammalian cells compared with G2.0 and G1.0 PAMAM-NH 2 . It seems that higher generations (greater density of terminal groups) are needed to damage the more complex cells. These results indicate that G2.0 or higher generation PAMAM-NH 2 can significantly damage bacteria, whereas G3.0 or highe-generation PAMAM-NH 2 acquire the potential to damage mammalian cells. Because PAMAM-NH 2 may damage cells through nonspecific physical mechanisms, the ability of different generation PAMAM-NH 2 to damage bacterial and mammalian cells may be attributed to the size of the cell or the relative charge density on the cell membrane (Fig. 8b) . Therefore, we propose that there exists a range of generations of PAMAM-NH 2 between these two thresholds that may have significant antibacterial activity but tolerable toxicities (Fig. 8a) . This scenario also partially explains previous studies that showed that G3.0 or higher generation PAMAM-NH 2 dendrimers exhibited excellent antibacterial activities but intolerable toxicities (11) .
SUMMARY
This study demonstrated that G2.0 PAMAM-NH 2 is highly effective against Gram-positive and Gram-negative bacteria, including both sensitive and resistant strains, without inducing drug-resistance or exhibiting toxicity. The favorable in vivo therapeutic effects suggested that G2.0 PAMAM-NH 2 could provide a novel strategy for treating infections induced by ESBL-EC and MRSA. Further clarification of the antimicrobial and toxic mechanisms of PAMAM-NH 2 may suggest approaches to improve their antibacterial activity and decrease their toxicity. Deciphering the differences in the general biology and PAMAM-NH 2 responses between bacterial and mammalian cells would allow the creation of more sophisticated Fig. 8 . The scheme of the proposed mechanisms underlying the selective killing effect of G2.0 PAMAM-NH 2 in bacteria. a PAMAM-NH 2 exhibited generation-dependent killing abilities in bacteria and mammalian cells. Lower-generation PAMAM-NH 2 dendrimers (e.g., G2.0) seem to destroy bacterial cells more easily than mammalian cells. Therefore, lower-generation PAMAM-NH 2 dendrimers display a relatively wide safety range compared with the higher generations of PAMAM-NH 2 . b The different selectivities of G2.0 PAMAM-NH 2 against bacteria and mammalian cells are most likely attributable to the differences in the cell size or charge density of PAMAM-NH 2 on the cell membranes. Because bacterial cells are much smaller than mammalian cells, the same concentration of PAMAM-NH 2 will result in each single small bacterial cell having more PAMAM-NH 2 molecules attached relative to the larger mammalian cells and will therefore be more easily destroyed by PAMAM-NH 2 antibiotics based on G2.0 PAMAM-NH 2 . Our findings also indicate ways to determine whether other types of dendrimers may have better antibacterial activity and lower toxicity.
